Purpose: The optimal timing of endotracheal intubation in critically ill patients requiring invasive mechanical ventilation remains undefined. Material and methods: In a secondary analysis of the large, prospective ICON database, we used a piecewise proportional hazards model to compare outcomes in patients who underwent intubation early (within two days after intensive care unit [ICU] admission) or later. Results: After excluding 5340 patients already intubated on admission or with therapeutic limitation, 4729 patients were analyzed, of whom 4074 never underwent intubation. Of the remaining 655 patients, 449 underwent intubation early and 206 later. Despite similar severity scores on ICU admission, unadjusted ICU (27.6 vs. 18.2%) and hospital (33.3 vs. 23.4%) mortality rates were higher in patients intubated later than in those intubated earlier, as were ICU (9 [5-16] vs. 4 [2-9] days) and hospital (24 [9-35] vs. 13 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] days) lengths-of-stay (all p b 0.001). After adjustment, the hazard for ICU and hospital death was significantly greater N 10 days after ICU admission for patients intubated late. Conclusions: In this large cohort of critically ill patients requiring intubation, intubation N2 days after admission was associated with increased mortality later in the hospital course.
Introduction
The optimal timing of endotracheal intubation in critically ill patients requiring invasive mechanical ventilation remains undefined. In a recent prospective multicenter study in patients with severe acute hypoxemic respiratory failure (ARF) [1] , two thirds of the patients developed acute respiratory distress syndrome (ARDS), most of them (93%) on day 1 or 2 after intensive care unit (ICU) admission. Among the patients with ARDS, 11% never underwent intubation and were managed with non-invasive ventilation. Patients with ARDS who were initially treated with invasive mechanical ventilation (85%) had different degrees of severity of ARDS (mild, moderate, and severe). Disease severity may, therefore, not be the only factor involved in the decision to intubate. Indeed, endotracheal intubation has its own risks [2] and, aside from obvious emergent need for intubation, invasive ventilatory support is more commonly used in patients in whom non-invasive measures are not possible or fail [3] [4] [5] , with a tendency to prefer high flow supplemental oxygen to non-invasive ventilation, especially in immunocompromised hosts [6] .
Whether or not delaying intubation could impact outcome in critically ill patients is not well defined. Delayed intubation can contribute to ARF in case of aspiration [7] . Failure of non-invasive ventilation is predictable, especially in patients with ARF combined with shock, marked metabolic acidosis, high illness severity scores, and greater degrees of hypoxemia [8] . A high expired tidal volume in patients receiving noninvasive ventilation has also been reported as a predictor of failure [9] . Notwithstanding the risk of intubation itself, which may include cardiac arrest, tracheal injury, ventilator-associated complications and the need for sedation [10] , early intubation may exert a protective effect by controlling tidal volume, plateau pressure [11] , loaded breathing [12, 13] and by supporting myocardial function (decreased left ventricular afterload and better oxygen supply), while influencing body position, and limiting or preventing compression atelectasis especially in obese patients [14] .
The goal of this study was to investigate the impact of the timing of endotracheal intubation on outcome, including survival and length of stay, in a large cohort of critically ill patients. Our hypothesis was that patients would have poorer outcomes if intubation was delayed.
Materials and methods
The Intensive Care Over Nations (ICON) audit prospectively collected data on 10,069 patients in 730 ICUS from 84 countries around the world (see Supplemental Appendix for list of participating centers). Institutional review board approval was obtained by the participating institutions according to local ethic committee regulations. All adult (N16 years) patients admitted to the ICU between May 8, 2012 and May 18, 2012 were included except for planned admissions for routine postoperative surveillance for b 24 h after uncomplicated surgery. Data collected included epidemiological features and daily assessment of organ function and support [15] . Data were collected daily for a maximum of 28 days in the ICU. Patients were followed up for outcome until death, hospital discharge, or for 60 days.
In this secondary analysis of the ICON audit database, we compared patients who underwent endotracheal intubation early -within two calendar days of the ICU admission -to those who underwent intubation later. Patients who were already intubated on the day of ICU admission or who had a decision to withhold/withdraw life-sustaining measures at any time during their ICU stay were excluded. The primary outcomes of interest were ICU and hospital mortality. Secondary outcomes included ICU and hospital lengths of stay. We also performed a subgroup analysis of patients with sepsis, defined as the presence of infection with the concomitant occurrence of at least one sepsis-related organ failure. [16] to compare ICU and hospital survival rates in the two groups of patients who underwent intubation. We performed a sensitivity analysis by varying the timing of intubation from 2 to 1 calendar days in the whole population. To determine the adjusted risk of death according to early or later intubation during the ICU stay, we developed a piecewise proportional hazards model with intubation (early vs. late) and propensity score (linear term or in quartiles) to identify patients with a similar probability of early intubation as covariates in the model [17] . The optimal "change point" (approximate time at which the survival curves cross) for the hazard ratio was estimated as the time value that yielded the largest log partial likelihood of the fitted model [18, 19] . The propensity score, that is the probability of undergoing intubation early, was calculated by multiple logistic regression using age, sex, Simplified Acute Physiology Score (SAPS) II and Sequential Organ Failure Assessment (SOFA) subscores, excluding the respiratory subscore, on admission to the ICU, hospital length of stay prior to ICU admission, type and sources of admission, the need for renal replacement therapy (RRT) on admission to the ICU, comorbidities, and the presence of sepsis on admission (see Supplemental Table 1 ). We also adjusted for ICU and hospital-related organizational factors including type of hospital, hospital bed capacity, ICU specialty, number of staffed ICU beds, and the gross national income (GNI). Data were analyzed using IBM SPSS statistics software, version 23 for windows (IBM, Armonk, NY) and R software, version 3.2.3 (CRAN project). All reported p-values are two-sided. A p value of b0.05 was considered to indicate statistical significance.
Statistical methods

Results
Of the 10,069 patients included in ICON, we excluded 5340 patients who were already intubated on the day of admission or had a therapeutic limitation order during the ICU stay; these patients were admitted from various sources (emergency room 33.9%, floor 26.4%, operating room 22.7%, other hospital 10.2% and unknown 6.9%). This left 4729 patients for analysis, of whom 4074 never underwent intubation. Of the 655 patients who underwent intubation, this occurred within 2 days of the ICU admission in 449 and after 2 days in 206 (Fig. 1) . Demographic and clinical data for the patients according to early or later intubation are shown in Table 1 . Patients who underwent intubation late were more likely to be admitted from the hospital floor than those who underwent intubation earlier who were more likely to be admitted from the emergency room or by ambulance (Table 1) .
Despite similar severity scores on ICU admission, ICU (27.6 vs. 18.2%) and hospital (33.3 vs. 23.4%) mortality rates were higher in patients who underwent intubation late than in those who underwent intubation earlier (both p b 0.01), as were ICU (9 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] vs. 4 [2] [3] [4] [5] [6] [7] [8] [9] days) and hospital (24 vs. 13 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] days) lengths of stay (both p b 0.001). In patients who underwent intubation late, the hazard of ICU and hospital death was significantly lower b10 days after ICU admission and significantly greater N 10 days after ICU admission ( Fig. 2A, B , Table  2 ). These results remained after adjustment (Table 2) .
In a sensitivity analysis differentiating those intubated within one day and those intubated later, even though severity scores were slightly lower, there was a trend towards higher ICU (23.1 vs. 18.8%) and hospital (28.9 vs. 23.5%) mortality rates in those intubated later (Supplemental Table 2 ), and ICU (7 [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] vs. 4 [2] [3] [4] [5] [6] [7] [8] [9] days) and hospital (15 vs. 12 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] days) lengths of stay were longer (both p b 0.01). In the subgroup of patients with sepsis (Supplemental Table 3 ), there was a trend towards higher ICU (35.9 vs. 23.4%) and hospital (45.9 vs. 26.3%) mortality rates in patients intubated late.
Discussion
In this large, contemporary, prospective cohort of ICU patients, patients who underwent intubation late had higher ICU and hospital mortality rates and longer ICU and hospital lengths of stay than patients intubated early. After adjustment for their probability of being intubated early in the course of their critical illness, the hazard for ICU and hospital death was significantly lower before 10 days for patients who underwent intubation late and significantly greater after 10 days.
Intubation and invasive mechanical ventilation may impact on outcomes in critically ill patients. Advantages of intubation include airway protection and the ability to insure effective ventilation [20] .
Disadvantages include airway injury, hemodynamic instability and ventilation-associated complications [2] . Moreover, the optimal timing of intubation remains controversial. In the present study, the crossing of the Kaplan-Meier survival curves indicated non-proportional hazards suggestive of a heterogeneous population within each group [21, 22] . Compared to earlier intubation, later intubation was associated with a lower hazard of death b 10 days after ICU admission and a greater hazard of death N 10 days after admission. Does this suggest earlier intubation is better than later intubation? The answer depends on the time scale. In this varied population, there were likely patients who benefited from late intubation and others who did not.
Our findings are consistent with those from a recent post hoc analysis of a large database of patients with septic shock [23] . In that study, early intubation (within 12 h) was more frequently performed in patients with more severe acute disease, a pulmonary site of infection, and no immunosuppression. Compared to patients intubated early, patients with delayed intubation had fewer days alive without organ support by day 28. Of note also, centers with the highest frequency of early intubation had higher mortality rates compared to ICUs with middle frequency of early intubation, suggesting that practice variation may also impact outcomes. In another recent study in patients with ARDS, 23% did not require intubation and mechanical ventilation on the first day of ARDS diagnosis. Among these patients, late intubation (after day 1) was also associated with worse outcome when compared to those intubated early or those who never required intubation [24] . Mechanistically, our results suggest that the timing of intubation in patients worldwide is apposite to clinical requirements [25] . When factors related to the use of early intubation were accounted for, the hazard for death was higher N10 days after ICU admission in those intubated late. The reason for this difference is not clear. Both groups, early and late intubation, were similar at admission, including in terms of severity and organ failure, with the exception that patients who underwent intubation late were more often admitted from the floor and less often from the emergency room than patients intubated early. It is, nevertheless, likely that the two groups were heterogeneous. The early group may have been composed of subgroups with higher mortality in the earlier course or lower mortality in the later course. One could also consider that the late group also included subgroups with lower earlier mortality (e.g., intubation for airway protection) or higher later mortality (e.g., ARDS with diffuse alveolar damage). Whether a failure to rescue with delayed diagnosis and/or delayed stabilization of a critically ill patient (e.g., with sepsis) may have contributed to the higher mortality is beyond the scope of the data collected in the ICON audit. Our results also suggest that endotracheal intubation and mechanical ventilation are performed frequently, with a large proportion of cases occurring within the first 24 to 48 h of ICU admission. Thus clinicians should be vigilant early in the course of critical illness and cognizant of rapid deterioration with the need to quickly move to invasive mechanical ventilation if required.
This study has several strengths. It uses data from a large, multicenter, prospective, observational study, increasing its generalizability. We used a piecewise proportional hazards model with intubation (early vs. late) and propensity score (linear term or in quartiles) to identify patients with a similar probability of early intubation as covariates in the model. Despite its strengths, we acknowledge several limitations to our study. The first is its observational nature. Even though we used robust modeling techniques, we cannot discount that unmeasured confounding may have biased our results and unbalanced our cohorts. Obviously, the decision to start invasive mechanical ventilation was left to the discretion of the ICU team, but we have no details regarding the indications for intubation. We are also unable to discern whether intubation was emergent or elective in anticipation of a deteriorating clinical course, or for a need of a diagnostic technique (e.g., bronchoscopy, computed tomography, esophagogastroduodenoscopy…). Knowledge about urgency would have allowed us to better control for confounding by indication. Second, the precision of the timing of intubation was limited to calendar days and a more refined distribution of the timeframe of intubation could not be established. Third, we have no details about the underlying ARF, such as respiratory rates, pattern and work of breathing, use and settings of non-invasive ventilation or high flow oxygen, use of adjuncts to respiratory support such as pulmonary vasodilators, depth of sedation or compliance with processes known to affect outcomes from ARF. These elements would have added to the robustness of our statistical models.
Conclusions
In this large cohort of critically ill patients, later intubation (after 2 days) was associated with a greater hazard of death after 10 days of ICU stay than early intubation. Although only hypothesis generating, this suggests that the timing of intubation may impact outcomes beyond the benefit of intubation itself. Intubation is usually performed when clinically indicated and is one of many therapies along a spectrum of modalities for respiratory support, which also includes high flow oxygen and non-invasive ventilation. Our data suggest that the timing of intubation may itself be a prognostic factor and close monitoring of critically ill patients with frequent reassessment for the need for intubation may be warranted, especially after the first 48 h of ICU admission.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.jcrc.2017.06.010.
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